I. INTRODUCTION
The single-molecule magnet ͓Mn 12 12 ) possesses a high-spin ground state of S = 10 due to antiferromagnetic interaction between the eight Mn 3+ ͑S =2͒ ions and the four Mn 4+ ͑S =3/2͒ ions in the cluster molecule. [1] [2] [3] The combination of this high spin multiplicity and strong uniaxial magnetic anisotropy (zero-field splitting constant D of ϳ0.6 K) results in an effective potential barrier between the up and down spin states. [2] [3] [4] At low temperatures, the magnetic moments do not rotate freely and the bistability associated with the uniaxial anisotropy results in a hysteresis loop in the magnetization curve. 4, 5 The simplified Hamiltonian for Mn 12 is as follows:
where D is the zero-field splitting, S z is the z component of the spin operator, g is the g factor, and B is the Bohr magneton. The second term describes the Zeeman energy associated with an applied field B, and the last term represents the transverse term, which brings about the quantum tunneling of magnetization (QTM) with a tunneling gap of ⌬E. [6] [7] [8] The energy levels of positive and negative quantum numbers simultaneously cross at certain values of H z , as given by
with n = 0,1,2,3, . . . . ͑2͒
QTM in Mn 12 is observed as a characteristic hysteresis loop in the magnetization curve, with small steps appearing at even intervals of the field. [6] [7] [8] It has been well established that QTM in Mn 12 can be rationalized in terms of thermally assisted resonance tunneling, as QTM occurs effectively in thermally excited states. 9, 10 One of the outstanding features of molecular magnets is the ease of chemical modification. The physical phenomena of these materials can be readily understood by elucidating the effects of minor changes in the molecular skeleton, molecular packing, or electronic structure, amongst other properties. [11] [12] [13] [14] [15] [16] [17] [18] [19] 12 X-ray crystallography data was collected at room temperature using a four-circle diffractometer (MXC18K, MAC Science Co.). The structure was resolved by direct methods and Fourier techniques using MAXUS (MAC Science Co.).
K-edge x-ray absorption spectra for Cr and Mn were recorded at Beamline 9A in Institute of Materials Structure Science (Photon Factory, ring energy of 2.5 GeV and ring current of 400-250 mA) with a conventional transmission mode at room temperature. A Si(111) double crystal monochromator was employed and detuned by 40% to suppress higher-order harmonics. Both the incident and transmitted x-ray intensities were measured by ionization chambers filled with pure N 2 . Cr 2p x-ray photoelectron spectra (XPS) were also recorded in laboratory using the VG ESCALAB 220i-XL system(a Mg K␣ source was used).
High-frequency electron paramagnetic resonance (EPR) measurements were performed by a simple transmission method. A conventional Gunn oscillator, Backward wave oscillator and an optically pumped far-infrared laser were employed as radiation sources, and InSb was used as a detector. Pulsed magnetic fields of up to 30 T were generated by a 100 kJ capacitor bank, at a pulse width of 8 ms. The details of the measurement system are described elsewhere. 20 Dc and ac magnetic susceptibilities were recorded on a superconducting quantum interference device susceptometer (MPMS XL, Quantum Design). The angular-dependent magnetic properties were examined using a horizontal sample rotator.
III. RESULTS AND DISCUSSION

A. Molecular structure
Crystals of Mn 11 Cr* ‫ء(‬ denotes mixed crystals of Mn 11 Cr and Mn 12 ) suitable for crystallographic analyses were grown by the method in the literature. 12 The chemical synthesis of pure Mn 11 Cr was unsuccessful, and the ratio of the two cluster molecules in Mn 11 Cr* exhibited a weak batch dependence. X-ray crystal analyses were successful, and Mn 11 Cr* was concluded to have the same molecular structure and packing as Mn 12 . This suggests positional disorder of Cr in Mn 11 Cr*.
The extended x-ray absorption fine structure (EXAFS) functions of k 3 ͑k͒ (k is the photoelectron wave number) were obtained by the standard procedures of pre-edge baseline subtraction, edge-energy determination, post-edge background subtraction (cubic spline), and normalization using the atomic absorption coefficients. Figure 1 The Fourier transform for the Mn absorption can be well understood as a superposition of the three theoretical curves in consistent with the fact that the Mn ions occupy the three sites. In other words, this justifies the present analytical procedure. In contrast, the Fourier transform for Cr is explained only by the theoretical one of site c. It is thus concluded that, in Mn 11 Cr*, Cr 3+ occupies site c, the tilted site for Mn 3+ in the Mn 12 skeleton. The experimental Cr-O shell is much stronger than that of the theoretical one of site c. This is however easily understandable. The Mn 3+ ion in site c exhibits significantly distorted octahedron due to the Jahn-Teller effect, resulting in the suppression of the Mn-O contribution. On the contrary, the Cr 3+ ion shows no Jahn-Teller distortion, yielding more intense Cr-O contribution in the Fourier transform.
We have also measured Cr K-edge x-ray absorption nearedge structure (XANES) and Cr 2p XPS (figures not shown). The Cr 2p 3/2 and 2p 1/2 binding energies of Mn 11 Cr were found to be exactly the same as those of Cr 2 O 3 , and the Cr K edge energy in the XANES spectra of Mn 11 Cr coincides with that of Cr 2 O 3 . These findings are consistent with the above EXAFS results; the Cr ion in the Mn 11 Cr cluster was consid- ered to be in the +3 state. Since octahedral Cr 3+ ions are usually in the S =3/2 ground state, the ground spin state of Mn 11 Cr is expected to be S = 19/ 2. This will be confirmed by the high-frequency EPR, as shown in the next section.
B. High-frequency EPR spectroscopy
The results of high-frequency EPR ͑381.5 GHz͒ measurements on the crystals of Mn 11 Cr* are shown in Fig. 2 
C. Magnetic susceptibility
The temperature dependence of dc and ac susceptibilities were examined in the ranges 1.8-300 K and 1.8-8 K, respectively. The temperature dependence of the dc susceptibilities for Mn 11 Cr* was nearly the same as that for Mn 12 . Figure 4 shows a comparison between the temperature dependence of the imaginary component of the ac susceptibilities Љ for Mn 12 (a) and Mn 11 Cr* (b). Data was obtained on polycrystalline samples in a zero-dc field and 2 Oe ac field at 10, 30, 99.9, and 250 Hz. The behavior of Mn 12 is well known: Љ exhibits a nearly symmetric peak with a systematic frequency dependence. In contrast, the Љ peaks for Mn 11 Cr* have shoulders on the higher-temperature sides. Figure 4(c) shows the decomposition of the Љ peak at 10 Hz into the two contributions; the solid curves show the components and their sum. The lower-and higher-temperature contributions are ascribable to Mn 11 Cr and Mn 12 , respectively.
By decomposing the Љ peaks of Mn 11 Cr* into lower-and higher-temperature contributions, the temperature dependence of the relaxation time for Mn 11 Cr and Mn 12 could be determined separately. Figure 5 shows Arrhenius plots for the two components, together with those for pure Mn 12 . The obtained parameters are listed in Table I . The parameters for Mn 12 in Mn 11 Cr* are in agreement with those for pure Mn 12 . The potential barrier in Mn 11 Cr is 56.8 K, which is lower than that for Mn 12 by Ϸ20%. As the height of potential barrier is expressed by ⌬E = DS 2 and the D value for Mn 11 Cr is nearly identical to that of Mn 12 , ⌬E for Mn 11 Cr is expected to be lower than that for Mn 12 by Ϸ10%. This small difference is attributed to a difference in tunneling relaxation in the thermally activated regime. 22, 24 
D. Magnetization curve
The field dependence of dc magnetization was examined on one piece of crystal at 1.8 K in a field parallel to the easy axis (crystallographic c axis) at a sweeping rate of 0.17 mT/ s. Figure 6 shows a comparison between the magnetization curves for Mn 12 (a) and Mn 11 Cr* (b). Both exhibit hysteresis loops with a stepwise change caused by QTM with nearly the same field interval of 0.475 T between the resonance fields. This is consistent with the fact that Mn 12 and Mn 11 Cr possess nearly the same D value. [25] [26] [27] The lower graphs in Fig. 6 show the derivatives of the magnetization curves. While the dM /dB plots for Mn 12 exhibit a maximum near the coercive field at which the magnetization changes the sign, the plots for Mn 11 Cr* exhibit two high peaks at 0.95 and 1.775 T, the latter of which coincides with the largest peak for Mn 12 .
According to the Kramers theorem, 28 no tunneling is allowed for half-integer spin systems in the zero field. However, there is no significant difference between the zero-field step-heights for Mn 12 and Mn 11 Cr*. This could be explained by the fact that the zero-field step in this temperature range originates from fast-relaxation species of the Jahn-Teller isomers of Mn 12 . 29, 30 To further understand the magnetization curve of Mn 11 Cr*, minor (or partial) loop measurements were conducted at 1.8 K, the results of which are shown in Fig. 7 . The experimental conditions were the same as those employed for acquisition of the data in Fig. 6 , except for the field-scan sequence. The sample was first cooled down below T B under an applied field of 3.0 T to align the magnetizations of Mn 12 and Mn 11 Cr in Mn 11 Cr* parallel to the field. As the field was scanned from 3.0 to − 1.2 T, the magnetization decreased to nearly zero via tunneling steps at −0.475 and −0.95 T. The field was then increased from −1.2 T to − 0.2 T and back again. In this process, the magnetization was maintained constant, although entirely within a negative field. This means that the magnetization of half of the magnetic species in Mn 11 Cr* was already relaxed toward the negative direction, whereas the other half was not affected by the negative field down to −1.2 T. As the field was scanned from −1.2 to − 3.0 T, the magnetization decreased to the negative saturation value via two tunneling steps at −1.775 and −2.175 T. These measurements strongly indicate that the magnetization change in the field ͉B͉ Ͻ 1.2 T is caused by Mn 11 Cr with a coercive field of B c = 0.95 T and the change in the field ͉B͉ Ͼ 1.2 T is due to Mn 12 with B c = 1.775 T.
The expected magnetization directions for Mn 12 and Mn 11 Cr in the crystal of Mn 11 Cr* are shown schematically in Fig. 7 . Scanning the field in the order −3.0→ 1.2→ 0.2 → 1.2→ 3.0 T yield the same results. Therefore, it is concluded that the crystal of Mn 11 Cr* stably stores the four spin structures formed by Mn 12 and Mn 11 Cr, switchable by means of an externally applied magnetic field.
In consideration of the observation that Mn 11 Cr* involves two components with different B c , another minor loop measurement was performed at 1.8 K. After annealing at 3.0 T, the field was scanned from 3.0 to − 1.2 T, and then back to 3.0 T. The results are represented by the solid curve in Fig.  8(a) . In the field 0 -1.2 T, the two curves exhibit the magnetization changes of Mn 11 Cr from down to up via the tunneling process. However, a crucial difference can be observed in the direction of magnetization of Mn 12 : it remains up, in contrast to the down exhibited by the full magnetization curve (broken line). Figure 8(b) shows the plots of dM /dB vs B for the two curves in the range 0 -1.2 T. It can be clearly seen that the resonance peaks on the solid curve are shifted to lower fields by 0.05 T compared to the full magnetization curve, yet there is little difference in peak height. This is probably caused by a dipolar field produced by Mn 12 ; in the antiparallel configuration, this field adds to the applied field, so that the resonance field is reduced. On the contrary, in the parallel configuration the Lorentz field is opposite to the applied field, therefore increasing the effective resonance field to be applied to match the energy levels. The bias of the tunneling transitions is due to intermolecular couplings.
Exchange-biased tunneling was previously shown in a molecular dimer 31, 32 and dipolar-biased tunneling was evidenced with mesoscopic Ho 3+ ions. 33 The results obtained with Mn 11 Cr* give another clear evidence of dipolar-biased tunneling, which can be tuned thanks to the stability of the parallel or antiparallel configurations in the relative orientation of the magnetization of Mn 11 Cr and Mn 12 in Mn 11 Cr*.
E. Angular-dependent magnetic properties
The angular dependence of the magnetization curves for Mn 11 Cr* was examined at 1.8 K on a plane that included the c axis. The results are shown in Fig. 9(a) , where is the angle between the field and the axis. The sample was cooled from a temperature above T B in a −3.0 T field, and measurements were taken as the field was increased to 3.0 T at 0.17 mT/ s. The obtained magnetization curves clearly display the QTM steps with characteristic angular dependence. The QTM resonant fields are plotted in Fig. 9(b) as a function of . In case that the magnetic easy axes of Mn 12 and Mn 11 Cr coincide with the respective molecular axes, the resonant fields for QTM between ͉m͘ and ͉−m + n͘ ͑n =0, ±1, ±2, ...͒ can be calculated as follows:
ͯ.
͑4͒
The solid curves in Fig. 9(b) are the theoretical curves given by Eq. (4), and reproduce the angular dependence of the QTM in both Mn 11 Cr and Mn 12 well. This means that the magnetic easy axes of both Mn 12 and Mn 11 Cr are exactly parallel in a Mn 11 Cr* single crystal. This is consistent with the results of the other magnetic measurements.
IV. CONCLUSIONS
The structural and magnetic properties of Mn 11 Cr*, an Ϸ1 : 1 mixed crystal of Mn 11 Cr and Mn 12 , were examined in order to determine the structural and magnetic properties of Mn 11 Cr. Mn 11 Cr includes Cr 3+ at site c in the molecular skeleton of Mn 12 , and has a spin quantum number of S =19/2. It was found that Mn 11 Cr has nearly the same D value and anisotropy as Mn 12 . While the Jahn-Teller isomers of Mn 12 , having different Jahn-Teller distortions at site c, exhibit quite different D values, 28 the introduction of non-Jahn-Teller Cr 3+ ion into this site does not affect the magnetic parameters significantly. The four magnetization structures of Mn 11 Cr and Mn 12 , namely, up-up, up-down, down-up, and downdown, were produced in the crystal of Mn 11 Cr* as a result of the differences between the coercive fields of each of the constituents. Measurements of the QTM resonance field of Mn 11 Cr suggest the effect of dipolar-biased tunneling. 
